Abstract-This paper presents the development of an interactive environment that facilitates the performance evaluation of multiprocessor architectures with Mathcad and MathConnex. This environment was primarily designed for utilization as an interactive computer laboratory exercise for teaching undergraduate students of the Computer Science Department at the Aristotle University of Thessaloniki, Greece.
I. INTRODUCTION
T HE RAPID and continuing advances in very large-scale integration (VLSI) technology, coupled with the ever increasing need for higher computing power, have motivated a large body of research activities in the field of parallel computers. Shared-memory multiprocessors are very attractive for building large parallel machines because of their ease in programming and implementation [1] . The interconnection network (IN) [2] - [4] plays a very important role in the operation of parallel multiprocessor systems. It is the mechanism needed for the information transfer between processors and memory modules. The performance of a multiprocessor system depends significantly on the efficiency of its interconnection network. As the number of processors and memory modules increases, the characteristics of the IN can become critical to the overall system performance and cost. The IN design involves a tradeoff between cost and performance.
Many types of INs have been proposed in the past few years [1] , [5] . Generally, an IN can be classified into 1) crossbar (CBN) (Fig. 1) , 2) shared-bus (SBN) (Fig. 2) , or 3) multistage interconnection network (MIN) (Fig. 3) [5] . A special case of MINs is the Clos IN that incorporates multiple communication paths between every processor-memory pair [6] . Recently, such networks have also been considered for constructing the interconnection fabric of the next-generation switching systems for the asynchronous transfer mode (ATM) technology in telecommunication networks [7] , [8] and optical communications networks [9] as well. A. S. Pombortsis is with the Department of Computer Science, Aristotle University of Thessaloniki, 540 06 Thessaloniki, Greece (e-mail: apombo@csd.auth.gr).
Publisher Item Identifier S 0018-9359(02)05065-3. All of these topics are included in the Computer Architecture II course in the Computer Science Department of the Aristotle University of Thessaloniki, Greece. The course is taught in the sixth semester with the traditional method that primarily uses lectures. The growing need of the students to experiment interactively, through suitably designed laboratory exercises, with the new cognitive material they are offered during the lecture classes has been the main motivation for this work. This paper presents the development of an interactive computational environment based on the combined use of Mathcad [10] , and MathConnex [11] to serve as a laboratory exercise. 1 The MathConnex environment facilitates the integration and linking of visual components that describe the behavior of the aforementioned INs (developed with Mathcad) and the computation of various performance metrics for uniform and nonuniform traffic patterns. More specifically, the environment is based on well-known performance analyses of multiprocessor systems [2] - [4] . The Mathcad files contain relations that calculate, using statistical simulation, the bandwidth of multiprocessor systems that employ the three aforementioned networks under various traffic patterns. The environment seamlessly handles all the data passing and processes execution, allowing the students to focus on the system as a whole. The students can change several parameters of the system configuration and, consequently, observe the results on the overall performance in the form of tables and diagrams. They are also able to access and modify the Mathcad files directly, thus deeply understanding the performance analysis mechanism of the aforementioned INs.
II. INTERCONNECTION NETWORKS
The performance of the three main types of INs has been studied thoroughly [3] , [4] , [6] . The CBN is found to be the most efficient but also the most expensive. On the other hand, the SBN has lower cost but also exhibits lower performance. MINs provide a compromise between the above networks. The performance evaluation studies of such multiprocessor systems are usually based on analytical models and rely on the bandwidth (BW) as the basic performance metric [2] , [6] , [8] , [12] . The BW is defined as the number of successful requests per memory cycle. In some cases, a variation of the above metrics is employed, namely, the probability of request acceptance. The performance analysis is usually performed under the assumption that there is a uniform traffic load. This assumption simplifies the analysis, but in real conditions users seldom encounter such traffic loads. Thus, the case of the nonuniform traffic patterns is also included in the performance evaluation.
The main parameter that defines the traffic pattern is the probability with which each processor generates a request ( ) [4] . In the case of the nonuniform traffic pattern, two additional parameters are defined: the favorite rate ( ) and the hot rate ( ). The jobs that are executed in a multiprocessor system usually involve a set of communication tasks. Each processor has a favorite memory module for storing the tasks that are being assigned. Thus, each processor issues requests for its favorite memory module with probability . Furthermore, some memory modules can be characterized as hot memory modules, because all processors issue requests for the specific memory modules with probability . The above model is usually employed for modeling the nonuniform traffic pattern [4] , [6] , [12] . interface of a word processor. Equations, text, and graphics can be placed anywhere in the Mathcad worksheet, making it easy to keep track of the most complex calculations and represent the results in two-or three-dimensional plots. The creation of a presentation-quality document can be shared with others by printing the worksheet exactly as it appears on the screen, e-mailing it, or posting it on the World Wide Web [13] , [14] .
Mathcad has been extensively utilized before, not only for research computations [15] but also for the development of educational environments in a diverse variety of scientific and engineering fields, such as materials [16] , electromagnetics [17] , [18] , signal processing [19] - [22] , communications systems [23] , [24] , electrical engineering [25] - [27] , and civil engineering [28] . It has been recently selected by the U.K. Open University as the tool for teaching and training its technical students through the distance learning curriculum.
The MathConnex layer in Mathcad 7 Professional (and newer versions) provides a powerful programming mode, a visual block diagramming language that allows the connection of Mathcad modules, data sources, and other computational engines into a single computation flow. Thus, it forms an environment for visually integrating applications and data sources to control projects involving a variety of applications and data sources. By providing a choice of 16 visual components for each data source or application in a system-such as a Mathcad component, an Excel component, and a File Read/Write component-MathConnex lets one manage the flow of data from one application or data source to another. In this way, one can easily create a system consisting of Mathcad worksheets, other applications, and data sources by simply: 1) dragging components from a component palette and dropping them into the worksheet; 2) wiring the components together to indicate data flow; 3) simulating the system using toolbar controls to run through the system. Given the variety of components available for integration into a system, MathConnex can be used to design an endless number of different systems involving different applications and data sources. In this way, Mathcad worksheets can be chained together, and data can pass from one to the next, thus enabling the breaking of a large Mathcad worksheet into several smaller worksheets and their connection through MathConnex, so as to visualize the calculation of complex mathematical expressions.
IV. PERFORMANCE EVALUATION ENVIRONMENT
The performance evaluation environment for the advanced computer architectures mentioned above consists of a series of MathConnex projects that cover various INs for the uniform and the nonuniform traffic pattern cases. More specifically, there is one project with the filename that covers the bandwidth computation for CBNs (Fig. 1), SBNs (Fig. 2) and omega networks (Fig. 3) under a uniform traffic pattern.
A MathConnex project can include 20 different types of components. The project incorporates five different types of components: the input component, the Mathcad programmable component, the Excel component, the graph component, and the stop/pause component. A brief description of the above components is presented in Table I . These components were created and wired in order to create computation flows. The most important role of the Mathcad component includes the worksheet that calculates the performance of the systems.
For all these cases, and for , the student can see the values of the bandwidth in both a tabular (Excel component) and a diagram (graph component) form (Fig. 4) . The input variables (input components) that the student can change for each case, without explicitly editing the corresponding Mathcad components, are given in Table II . Thus, the student can directly compare the performance of the three systems in all cases of input load.
For the nonuniform traffic pattern case, there are three projects with the filenames (Fig. 5) , (Fig. 6) , and (Fig. 7) . The above projects include similar components as those described in Table I . Each project gives the student the opportunity to study both the uniform and the nonuniform traffic pattern case for the IN under consideration. The additional input parameters are the hot rate and the favorite rate (input components) ( Table III) . The student can vary the values of the above parameters and observe how the increase of the hot rate decreases the bandwidth of the system. Similarly, he/she can discover how the increase of the favorite rate peaks the performance of the system.
Although there was no formal feedback from the students (for example, in the form of questionnaires), some observations can be made on the reaction of the students after using the MathConnex projects. The Computer Architecture course is usually taught in the traditional way, that is, classroom lectures. The addition of the MathConnex projects, which allowed the students to interact with the multiprocessor architectures, helped them to understand the performance issues more easily. It is also worth noting that some students experimented by altering crucial parameters of the multistage network. The students expressed their desire to employ more MathConnex projects in teaching other issues of computer architectures.
V. CONCLUSION
A novel, interactive, computational environment for teaching performance evaluation of advanced computer architectures was presented. This environment was developed with the use of Mathcad and MathConnex and gives a student the opportunity to experiment with various interconnection networks, such as the crossbar network, the shared-bus network, and multistage IN's (Omega networks) under uniform and nonuniform traffic patterns, thus estimating their relative usefulness in terms of performance and cost. Furthermore, the student can also investigate the underlying computational mechanism for the evaluation of the various performance metrics, thus accomplishing a thorough study on the interconnection networks. Future extensions of this work will include MathConnex projects that will evaluate the performance of multiprocessor architectures that employ packet switching INs.
